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Abstract

:

The interrelationship of the minerals calcium (Ca2+), magnesium (Mg2+) and silicon (Si) in the sediments and in the body walls of four tropical sea cucumber species was explored by modeling the concentrations of these minerals. The elemental concentrations of Ca2+, Mg2+ and Si were measured in the body walls and in the ambient sediments occupied by the sea cucumbers Holothuria scabra, H. leucospilota, H. atra and Bohadschia marmorata. The results indicate that the concentrations of Ca2+ and Mg2+ in the body walls of the four sea cucumber species are significantly different from each other, indicating a varying degree of biomineralization across sea cucumber taxa. In contrast, only B. marmorata showed a significant difference in the concentration of Si when compared to the rest of the species tested. Further analysis using linear mixed models revealed that the Ca2+, Mg2+ and Si concentrations in the body walls of the tested sea cucumber species are associated with the sediment concentrations of the same elements. The relatively high concentrations of Ca2+ and Mg2+ in the sediments indicate that these minerals are sufficiently high in sea cucumbers to support their biomineralization. The relationship between the Mg/Ca ratio in the body walls of the sea cucumbers and minerals in the sediments revealed that Si was the only mineral that was not correlated with the Mg/Ca ratio. Predicting the relationship of the elements Ca2+, Mg2+ and Si between the sediments and the body walls of sea cucumbers may be complex due to the various factors that influence the metabolism and biomineralization in sea cucumbers.
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1. Introduction


Sea cucumbers are traded globally for their prized body walls, which possess good nutritional and medicinal properties. The body wall or integument of sea cucumbers is the most developed among the echinoderms, and the calcareous skeleton has been reduced to microscopic ossicles [1]. Generally, it occupies approximately 54% of the wet weight of sea cucumbers [2] and has a high regenerative capacity [3]. Additionally, the body wall also rapidly changes its mechanical properties as the calcium concentration has a profound effect on the stiffening or softening of this tissue [4,5]. However, cations other than calcium also affect the mechanical properties of the isolated catch connective tissues [6]. For example, a high magnesium concentration in the dermis of H. leucospilota results in high viscosity, although the results are controversial due to the high concentrations used in experimental treatments [7]. On the other hand, magnesium ions act as calcium carbonate nucleators in addition to constraining the growth of crystals and determining the crystallographic orientation of the skeleton [8,9]. Moreover, calcium is known to be a messenger in the signal transduction process. It is also required for neurotransmission, muscle contraction and blood coagulation [10]. Thus, there is an inherent overlapping function of Ca2+ for metabolism, soft tissue growth and calcification [9,10].



In contrast to calcium and magnesium, relatively little is known about silicon despite its abundance in nature and the various functions it plays for support, protection [11,12,13] and the uptake of Ca2+ and Mg2+ [14]. In fact, the presence of Si in the tissues of sea cucumbers was only documented in the dermal granules of the deep-water species Molpadia intermedia [15]. This was contrasted by calcium and magnesium which were documented in numerous echinoderm taxa [16,17]. Additionally, silicon is rarely found in its elemental form due to its great affinity for oxygen, with which it binds to form silica and silicates [13,18]. Although this mineral is highly stable, chemical and biological weathering releases silicon from these stable compounds in the form of weak silicic acid [13,14]. In fact, the essentiality of Si to animal nutrition is connected to its concentration in animal tissue concentrations, reflecting the number of biochemical processes it is part of [14]. However, the excessive accumulation of this mineral may also lead to the overstimulation of fibroblast cells, resulting in the production of excess collagen that may affect biomineralization. Thus, it has been suggested that a controlled deposition of silicon is required, whether the mineral plays structural roles or the mineralization process is used as a mechanism to dispose excess silicon [19]. This suggestion is in line with the idea that eutrophication in seawater can lead to an increased accumulation of biogenic silica in the sediments brought about by increased diatom biomass production [20].



The majority of the research conducted on biomineralization has focused on organisms that are highly calcified, and on its biochemical composition once embedded in the skeleton and not necessarily in its mineral form at the time of formation [21]. Consequently, there has been considerable progress in documenting the cellular composition of the enveloping soft tissue to understand the mechanism of calcite secretion in the larvae of echinoderms [22]. However, recent studies suggest that sea cucumbers are effective at dissolving inorganic carbon by the ingestion of sands [23,24] and in the uptake of organic carbon and nitrogen from the sediments [25]. It is for this reason that the mineral concentration in the body walls of sea cucumbers must be examined in detail by determining a relationship between the minerals obtained from the sediments and those present in the body walls of sea cucumbers. As Yuan et al. [26] highlighted, little has been undertaken to understand the accumulation of minerals by sea cucumbers, which are less reliant on calcification [26]. Thus, the significant interaction between sediment-bound metals and sediment-ingesting sea cucumbers remains to be elucidated in the research in more detail [27].



In this study, we determine the mineral concentrations of Ca2+, Mg2+ and Si in the sediments and body walls of four sea cucumber species, H. scabra, H. atra, H. leucospilota and Bohadschia marmorata, found in the seagrass meadows of the southwestern Andaman coast. The variation in the degree of calcification of each sea cucumber species was used to explain the different mechanisms as sea cucumbers respond to changes in the mineralogy of the sediments. However, the relationship of the minerals Ca2+, Mg2+ and Si between the sediments and body walls of the sea cucumbers is unclear, since the principal route of Ca2+ uptake for larval echinoderms is often understood to be sourced from the seawater [28,29]). A recent study suggests the importance of the diet in determining sea urchin size irrespective of the pC02 level, and the relevance of the macroalgal diet in modulating the urchin Mg/Ca ratio [30]. It was subsequently demonstrated that lowering the Mg/Ca ratio in the seawater and enriching the diet with Mg2+ had significantly increased the Mg2+ content of the sea urchin’s skeletons [31]. Thus, a good understanding of the sediment mineralogy that affects biomineralization in adult sea cucumbers is crucial for the management of sea cucumbers, which are dependent on the healthy seagrass meadow as a habitat and food source (i.e., [25,32,33]).




2. Materials and Methods


2.1. Study Sites


Sea cucumbers and sediment samples were collected from the intertidal areas in the four seagrass meadows of southwest Thailand, namely, Talibong Island, Muk Island, Lidee Island and Phuket Island (Figure 1). The seagrass in Talibong Island forms an extensive meadow covering an area between 24 to 61 km2, which varied due to the seasonal run-offs from the Trang River [34]. The study site was mostly dominated by Enhalus acoroides and Thalassia hemprichii in the intertidal area, while the subtidal zone was mostly occupied by Halophila ovalis [35]. The seagrass meadow of Muk Island is small with an area of <1 km2 and is located adjacent to the large meadow of Laem Yong Lam with an area of 18 km2, which is mostly dominated by the seagrass Enhalus acoroides, followed by Halophila ovalis and Thalassia hemprichii [36]. Lidee Island, on the other hand, is located in Satun Province, approximately 100 km south of the Talibong and Muk Islands. The seagrasses of Lidee are sparse and composed of H. ovalis and T. hemprichii, which are mainly found on the edges of macroalga Halimeda macroloba beds. In Tang Ken Bay, Phuket Island, the seagrass bed is located adjacent to the thriving coral reefs so that the sea cucumbers B. marmorata potentially transit across the landscape, as observed during this study. In contrast, the populations of H. scabra were mainly found in the seagrass meadows, while H. leucospilota and H. atra were commonly found to be associated with the H. macroloba beds and/or with sparse seagrass beds [37].




2.2. Sampling and Processing of Samples


Sea cucumbers and sediments were collected by hand during a low tide in each meadow in January, February, March and April 2018, and January 2019. Surface sediment (<1 cm) samples were collected within a 1–3 m vicinity around each sea cucumber. The sea cucumbers were transferred to plastic boxes containing seawater, where the sea cucumbers were allowed to remove their excreta in the field site for 8–12 h. The seawater in the plastic box was exchanged with clean, fresh seawater 2–4 times. The sea cucumbers were then anesthetized in ice water and later stored in a freezer at −20 °C until processing.



In the laboratory, the sea cucumber samples were thawed, and their internal organs were removed and rinsed with Milli-Q water (Millipore). The inorganic ossicles and organic soft tissue were not separated since the present study focused on determining the overall response of the sea cucumbers to changes in mineral concentrations in the sediments from a certain habitat. The sea cucumbers’ body walls and sediments were then freeze-dried to a constant dry weight. The samples were ground to a fine powder using a mortar and pestle prior to measuring the concentrations of Ca2+, Mg2+ and Si in the samples.



Sediment and sea cucumber samples, each weighing 0.05 g, were digested with 10 and 2 mL of 65% HNO3 (Merck, p.a), respectively, following a method modified from [38]. The acid digestion was performed for 1.5 h in a 90 °C water bath. Hydrogen peroxide (H2O2) was added to the solution and heated in a water bath at 90 °C for another 30 min. Digests of sediment and body wall samples were then diluted to 20 mL with Milli-Q water (Millipore) and filtered using Whatman No. 1 filter paper.



The metal concentrations of the samples were measured using PerkinElmer Avio 500 ICP-OES using the AOAC 2019 manual [39]. The wavelengths for the metal readings were 315.887 nm for Ca2+, 285.213 nm for Mg2+ and 251.611 nm for Si. The concentration values for the sea cucumber and sediment were expressed in mg/g dry weight. The standard reference material (SRM) used to test the accuracy and precisions of the device and calibration curve was initially analyzed and then, after the analysis of each sample, in triplicate [39]. In this study, standard solutions supplied for determining the metal concentrations (mg g−1 dry wt.) for the sediment samples were certified reference materials of PerkinElmer Pure.




2.3. Statistical Analysis


The statistical analysis in this study was performed with R program version 4.0.4 [40]. The Kruskal–Wallis test was used to identify significant differences in the sea cucumber body wall tissue’s and sediment’s elements among the species of sea cucumbers and sites by using the R package companion [41]. Pairwise comparisons were used to compare each factor by using the Wilcoxon rank sum test, which was performed with the FSA package [42]. Generalized linear mixed models (GLMMs) with the MASS [43], lme4 [44] and tidyverse packages were used to determine the effect of the elements in the environmental sediment on the elements in the sea cucumber tissue by using the location as the random effect in the model, where the Laplace approximation was used to estimate the significance of the parameters in the model. Then, the full model for H. scabra and H. atra-leucospilota followed the form of element a in the tissue = element a in sediment + element b in sediment + element c in sediment + element d in sediment + random effect (1 | Location), where a, b, c and d represent Ca2+, Mg2+, Si and Mg/Ca, respectively. However, the generalized linear model (GLM) was used to analyze for B. marmorata, which was found only in one location and with no random effect. The distribution of the parameter in the model was assumed to be a gamma distribution, and the link function was a log function. Additionally, the values obtained for H. atra and H. leucospilota were pooled together and referred to as H. atra-leucospilota considering the close similarity in gross morphology and the limited number of samples that could be collected due to availability and permit restrictions.





3. Results


3.1. Comparison among Species and Locations


The Kruskal–Wallis rank sum test showed that the mineral concentrations (i.e., Ca2+, Mg2+, Si and Mg/Ca ratios) in the body walls of the sea cucumbers H. scabra, H. atra, H. leucospilota and B. marmorata significantly varied among the four species (Table 1). Pairwise comparisons using Wilcoxon rank sum test revealed significant differences in the mineral concentrations in the body walls of the sea cucumbers, which varied according to the following patterns: (1) Ca2+: B. marmorata > H. scabra > H. leucospilota > H. atra, (2) Mg2+: H. scabra = B. marmorata > H. atra > H. leucospilota, (3) Si: H. atra = H. leucospilota = H. scabra > B. marmorata and (4) Mg/Ca: H. atra = H. leucospilota > H. scabra > B. marmorata. The same test also revealed significant differences in the concentrations of minerals in the sediments occupied by the sea cucumbers, which varied according to the following patterns: (1) Ca2+: Phuket > Lidee > Muk > Talibong, (2) Mg2+: Lidee > Talibong > Muk, (3) Si: Talibong = Lidee = Phuket = Muk and (4) Mg/Ca = Talibong > Muk > Lidee = Phuket. However, there was no significant difference in the concentration of Si in the sediments across the sampling sites, indicating the abundance of this mineral in the sediments. Further testing on the possibility of contamination of the samples by the reagents (i.e., HNO3, H2O2) that were used in the digestion of the samples showed that these reagents had Si concentrations of 0.056 ± 0.0036 mg /L (mean ± sd; n = 3) which were lower than the sea cucumber and sediment sample values of 0.337 ± 0.160 mg /L (mean ± sd; n = 3). This shows that the Si values recorded for the sea cucumbers and sediments were above the detection limit of the machine.




3.2. Relationship between Tissue Ca2+ and Sediment Ca2+, Mg2+ and Si


The GLMM revealed that only the Ca2+ in the ambient sediment was a significant predictor for the Ca2+ in the body walls of H. scabra and H. atra-leucospilota, since the slopes of the models (log-scale) were −0.06 ± 0.01 and −0.05 ± 0.01 (mean ± SE; t-value = −7.50 and −6.50; p-value < 0.01; Figure 2) and the intercept values were 5.25 ± 0.24 and 7.12 ± 3.30 (t-value = 22.00 and 2.16; p-value < 0.001 and 0.03), respectively. For B. marmorata, the GLMM showed that the Ca2+ concentrations in the body walls could also be predicted by the Ca2+ and Mg2+ concentrations in the sediments, as the slopes of the models were −0.004 ± 0.0003 and 0.46 ± 0.01 (t-value = −14.23 and 47.12; p-value <0.01) and the intercept values were 2.91 ± 0.11 (t-value = 25.79; p-value < 0.001), respectively. However, the model for the Si concentrations did not produce viable results due to the nearly identical sediment concentration values obtained across the sampling sites (Figure 2).




3.3. Relationship between Tissue Mg2+ and Sediment Ca2+, Mg2+ and Si


The GLMM revealed that the Ca2+, Mg2+ and Si in the ambient sediment were significant predictors for the Mg2+ in the body walls of H. scabra, since the slopes of the models (log-scale) were −0.01 ± 0.005, −0.26 ± 0.05 and 7.37 ± 1.64 (mean ± SE; t-value = −2.11, −5.41 and 4.48; p-value < 0.05, Figure 3), and the intercept was 3.10 ± 0.11 (t-value = 27.05; p-value < 0.001). For H. atra-leucospilota, the GLMM revealed that the Ca2+, Mg2+ and Si in the ambient sediments did not significantly predict the Mg2+ in the body walls of H. atra-leucospilota (Figure 3). The GLM indicated that the Mg2+ concentrations in the body walls of B. marmorata could also be predicted by the Ca2+ and Mg2+ concentrations in the sediments, as the slopes of the models (log-scale) were −0.004 ± 0.0002 and 0.18 ± 0.01 (mean t-value = −20.24 and 26.07; p-value < 0.01) and the intercept was 2.70 ± 0.10 (t-value = 34.9; p-value < 0.001). However, the model for the Si concentrations did not produce viable results due to the nearly identical sediment concentration values across the sampling sites (Figure 3).




3.4. Relationship between Tissue Si and Sediment Ca2+, Mg2+ and Si


The GLMM revealed that the Ca2+ and Mg2+ in the ambient sediment were significant predictors for the Si in the body walls of H. scabra, where the slopes of the models (log-scale) were 0.021 ± 0.007 and 0.27 ± 0.07 (mean ± SE; t-value = 2.93 and 4.09; p-value < 0.01, Figure 4), and the intercept was −3.85 ± 0.19 (t-value = −19.79; p-value < 0.001). However, the Si in the body walls of H. scabra could not be predicted by the Si concentrations in the ambient sediment. For H. atra-leucospilota, the Ca2+ and Mg2+ in the ambient sediments did not predict the Si in the body walls of the sea cucumber (Figure 4). However, the Si in the sediment was a significant predictor for the Si in the body walls of H. atra-leucospilota, since the slope of the model (log-scale) was −15.0 ± 6.1 (mean ± SE; t-value = −2.45; p-value < 0.01) and the intercept was −2.71 ± 0.52 (t-value = −5.2; p-value < 0.001). However, the model for the Si concentrations in the body walls of B. marmorata did not produce a viable result (Figure 4).




3.5. Relationship between Tissue Mg/Ca and Sediment Ca2+, Mg2+, Si and Mg/Ca


Exploring the relationship between the Mg/Ca ratio in the body walls and the Ca2+, Mg2+ and Si in the sediments using the GLMM revealed that, in H. scabra, the ratio was positively correlated to the Ca2+ concentrations in the sediments, but not to the Mg2+ and Si concentrations as observed in the slopes of the models (log-scale) and intercept values, which were 0.04 ± 0.006 and −2.14 ± 0.16 (mean ± SE; t-value = 6.49 and −13.13; p-value ≤ 0.01), respectively (Figure 5). The Mg/Ca ratio in the body walls of H. atra-leucospilota increased as the Ca2+ concentrations increased in the sediments, and the reverse occurred for the Mg2+ since the slopes of the models (log-scale) were 0.006 ± 0.001 and −0.27 ± 0.07 (mean ± SE; t-value = 4.40 and −3.97; p-value ≤ 0.01). For B. marmorata, the Mg/Ca ratio in the body walls was not significantly predicted by the Ca2+, but was negatively correlated to the Mg2+ concentrations, and the GLM did not yield meaningful model results for the Si concentration since the slopes of the models were −0.28 ± 0.07 (mean ± SE; t-value = −41.05; p-value ≤ 0.001) (Figure 5). Additionally, the GLMM showed that the Mg/Ca in the body walls of H. scabra was negatively correlated to the Mg/Ca in the sediments, as the slope of the model was −0.974 ± 0.096 (t-value = 10.17; p-value < 0.01) and the intercept was −1.116 ± 0.044 (t-value = −25.49; p-value < 0.001). For H. atra-leucospilota, the relationship between the Mg/Ca ratio in the body walls and the Ca2+, Mg2+ and Si in the sediments was not supported. The GLM model did not yield viable results for B. marmorata.





4. Discussion


4.1. Comparison among Species and Locations


This study explored the relationship of the elements Ca2+, Mg2+ and Si between the sediments and the body walls of sea cucumbers in tropical seagrass meadows. The results suggested that the Ca2+ and Mg2+ concentrations in the body walls of sea cucumbers significantly vary according to species (Table 1). Furthermore, significant variations in the amount of these minerals in the sediments also varied with the locations, except Si, suggesting that the variation in the body walls could not be solely attributed to the physiology of sea cucumbers but also to the availability of minerals in the sediments and/or seawater. In the case of Si, the concentration of this mineral in the sediments did not vary with the location. This suggested that the potential accumulation of silicon in the sediments is likely due to eutrophication in coastal zones [20,45]. As a consequence, the concentration of Si was only significantly lower in B. marmorata compared to the rest of the species tested. The habitat of B. marmorata was a seagrass–coral reef site which is different from the rest of the habitats.



The possibility of contamination of the samples by the reagents is unlikely in the present study since the concentrations of silicon in both the sediment and body wall samples were above the detection limit of the ICP-OES machine. This means that the routine procedure of inter-elemental correction during measurements was effective at reducing the interferences from other elements and that the values obtained were from the samples and not from the contaminants. On the aspect concerning the close similarity of the Mg2+ concentrations in the body walls of H. scabra, regardless of the Ca2+ and Mg2+ concentrations in the sediment (Table 1), this result could not be solely interpreted in terms of the organism’s response to the mineral content in the sediment. This is because many calcifying species are known to respond to a certain range of mineral concentrations, rather than to individual values (see [46,47,48,49,50]). It was emphasized that biological factors play an important role in controlling the magnesium content in echinoderm skeletons [17]. Nevertheless, seagrass meadows provided a suitable habitat for sea cucumbers, as well as in supplying minerals for metabolic activities and skeletal development.




4.2. Relationship between Tissue Ca2+ and Sediment Ca2+, Mg2+ and Si


The relationship between the tissue Ca2+ and sediment Ca2+, Mg2+ and Si varied depending on the Ca2+ and Mg2+ content in the body walls of the sea cucumbers (Figure 2). Species that contain less calcium, such as H. atra- leucospilota, weakly responded to the availability of the Ca2+, Mg2+ and Si concentrations in the sediments, compared to H. scabra and B. marmorata which contain a high Ca2+ content (Figure 2, Figure 3 and Figure 4). On the other hand, the sea cucumbers H. scabra and B. marmorata strongly responded to the changes in the mineral concentrations of the sediments due to the organism’s great need for minerals. Such a response has been demonstrated in other calcifying organisms where an “open” or “closed” system of ion transport exists to enable species to respond to the availability of minerals in the seawater (e.g., [46,47,48]). Although the source of minerals for adult sea cucumbers is potentially derived from the seawater and/or sediment, essentially the same thermodynamic principle is at work in the biomineralization process, regardless of whether the source is obtained from the seawater or sediments.




4.3. Relationship between Tissue Mg2+ and Sediment Ca2+, Mg2+ and Si


In terms of the Mg2+ content, H. scabra responded negatively to the increasing Mg2+ concentrations in the sediments, while a positive relationship was detected for B. marmorata (Figure 3). This indicates a species-specific response of the sea cucumbers to the increasing Mg2+ concentrations in the sediments. Additionally, although the Mg2+ concentration of H. scabra remained relatively unchanged between locations (i.e., Talibong and Muk Islands), regardless of the Ca2+ and Mg2+ contents, it is an indication that individuals belonging to the same species responded similarly to a certain range of mineral concentrations in the sediments. This result may have minimal implications to the findings that characterized the Mg–calcite composition of Antarctic echinoderms based on latitudes (i.e., [51]) and temperature variation [52]. Latitudinal and temperature differences cannot be implicated in the present study since the sampling sites were located just a few kilometers from each other with essentially a similar climate. Thus, the Mg2+ concentration in the sea cucumbers was characteristic for particular species and, thus, physiologically controlled with influence from the sediment and/or seawater mineralogy.




4.4. Relationship between Tissue Si and Sediment Ca2+, Mg2+ and Si


The relationship between the Si in the body walls of H. scabra and the Ca2+ and Mg2+ in the sediments was positive, except that the relationship with the Si in the sediment was not supported (Figure 4). We hypothesized that the Si molecules in the sediments were adsorbed to the calcium carbonates, which were then ingested by the sea cucumbers, but the small-sized Si were selectively disposed by way of the membrane transport system of the cells (i.e., [53,54]). Otherwise, the excess Si could affect the biomineralization process, leading to the alteration of the Mg/Ca ratio in the sea cucumbers. In the case of H. atra-leucospilota, it is discernible that this species is highly efficient at transporting ions across the cell membranes so that the Ca2+ and Mg2+ concentrations in the sediments are not associated to the Si concentration in the tissue. In the case of B. marmorata, the model did not give a meaningful result, probably due to the unique mineralogy and trophic interactions in the seagrass–coral reef habitat. Overall, the exact role of Si in sea cucumbers is not yet completely understood although this element has been widely implicated as a template for biomineralization.




4.5. Relationship between Tissue Mg:Ca Ratio and Sediment Ca2+, Mg2+ and Si


A strong positive association between the Mg/Ca in the body walls of H. Scabra and the Ca2+ content in the sediments was detected, although there was no relationship with the Mg2+ and Si (Figure 5). The correlation was similar to those observed in other marine calcifying organisms where changes in the concentration of Ca2+ and Mg/Ca in the seawater influenced the precipitation of nonskeletal carbonates, such that a low-Mg calcite was formed when the ambient Mg:Ca molar ratio was <1 (e.g., [46,47,48]). In the case of H. atra-leucospilota, there were weak associations between the tissue Mg/Ca and Ca2+ and Mg2+ in the sediments, which again demonstrates the strong biological exclusion mechanism of this species. In the case of B. marmorata, the model did not produce meaningful results, except for Mg2+, potentially due to the unique mineralogy of the seagrass–coral reef landscape. Overall, the biomineralization occurring in echinoderms is under the control of secretory cells (i.e., soft tissues), which prevent the build-up of excess Ca2+ during calcium carbonate precipitation [5,49,50].





5. Conclusions


This study provided a basic understanding of the interrelationship of the elements Ca2+, Mg2+ and Si between the sediments and body walls of sea cucumbers in tropical seagrass meadows. We observed that the concentrations of the minerals Ca2+ and Mg2+ in the body walls of sea cucumbers varied according to species, with H. scabra and B. marmorata containing a higher Ca2+ content compared to H. atra and H. leucospilota. In contrast, the Si concentration did not vary with the locations nor in terms of the species, except only for B. marmorata whose habitat is a seagrass–coral reef site. Generally, the mineral concentration in the body walls of H. scabra and B. marmorata showed a stronger association with the sediment mineralogy as compared to that of the H. atra-leucospilota. It may be implied that the former two species have a weaker biological control of biomineralization as compared to the latter, thus making H. scabra and B. marmorata vulnerable to climatic changes. However, our findings are preliminary and require further research as the sea cucumber’s responses to sediment mineralogy vary considerably. It is, therefore, crucial to conduct a rigorous study to determine the application of the present results in order to address the declining sea cucumber population due to eutrophication.
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Figure 1. Map of southwest Andaman coast, Thailand, where the sea cucumbers and sediments were collected. 
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Figure 2. Relationship of Ca2+, Mg2+ and Si sediment concentrations, and Ca2+ concentrations in H. scabra, H. atra-leucospilota and B. marmorata. The line indicates a significant predictor, while the shaded areas represent a 95% CI. 






Figure 2. Relationship of Ca2+, Mg2+ and Si sediment concentrations, and Ca2+ concentrations in H. scabra, H. atra-leucospilota and B. marmorata. The line indicates a significant predictor, while the shaded areas represent a 95% CI.



[image: Diversity 15 00146 g002]







[image: Diversity 15 00146 g003 550] 





Figure 3. Relationship of Ca2+, Mg2+ and Si concentrations in the sediments to Mg2+ concentrations in the body walls of H. scabra, H. atra-leucospilota and B. marmorata. The line indicates a significant predictor, while the shaded areas represent a 95% CI. 
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Figure 4. Relationship of the minerals Ca2+, Mg2+ and Si obtained from the sediments to the Si concentrations in the body walls of the sea cucumbers H. scabra, H. atra-leucospilota and B. marmorata. The line indicates the significant predictor, while the shaded area represents a 95% CI. 
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Figure 5. Relationship of the Mg:Ca ratio in the body walls of the sea cucumbers H. scabra, H. atra-leucospilota and B. marmorata, and the Ca2+, Mg2+ and Si concentrations in the sediments. The line indicates a significant predictor, while the shaded area represents a 95% CI. 
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Table 1. The mean ± SE concentration (mg/g dry weight) of the elements Ca2+, Mg2+ and Si for the sea cucumbers H. scabra (Hs), H. leucospilota (Hl), H. atra (Ha) and B. marmorata (Bm) collected from the Islands of Talibong, Muk, Phuket and Lidee.






Table 1. The mean ± SE concentration (mg/g dry weight) of the elements Ca2+, Mg2+ and Si for the sea cucumbers H. scabra (Hs), H. leucospilota (Hl), H. atra (Ha) and B. marmorata (Bm) collected from the Islands of Talibong, Muk, Phuket and Lidee.





	
Element (mg/g DW)

	
Sample

	
Talibong

	
Muk

	
Phuket

	
Lidee

	
Differences among Species




	
Hs (n = 24)

	
Hl (n = 24)

	
Hs (n = 45)

	
Ha (n = 15)

	
Bm (n = 9)

	
Ha (n = 18)

	
Kruskal-Wallis (Chi-Squared)






	
Ca2+

	
Tissue

	
129.35 ± 18.44

	
18.83 ± 0.71

	
69.20 ± 4.20

	
12.79 ± 0.95

	
170.89 ± 14.78

	
24.67 ± 6.51

	
92.24 **




	

	
Sediment

	
6.62 ± 0.90

	
5.56 ± 0.32

	
15.28 ± 0.68

	
11.62 ± 1.33

	
285.14 ± 5.42

	
258.29 ± 2.97

	
64.24 **




	
Mg2+

	
Tissue

	
18.59 ± 1.16

	
9.54 ± 0.25

	
17.41 ± 0.27

	
10.84 ± 0.29

	
16.38 ± 0.61

	
9.90 ± 0.34

	
99.60 **




	

	
Sediment

	
2.82 ± 0.15

	
3.00 ± 0.15

	
2.25 ± 0.10

	
1.68 ± 0.06

	
7.44 ± 0.17

	
7.36 ± 0.09

	
28.64 **




	
Si

	
Tissue

	
0.048 ± 0.004

	
0.043 ± 0.003

	
0.042 ± 0.003

	
0.025 ± 0.001

	
0.019 ± 0.000

	
0.081 ± 0.013

	
22.59 **




	

	
Sediment

	
0.074 ± 0.003

	
0.080 ± 0.002

	
0.084 ± 0.003

	
0.071 ± 0.002

	
0.081 ± 0.001

	
0.089 ± 0.004

	
0.49 ns




	
Mg/Ca

	
Tissue

	
0.187 ± 0.014

	
0.516 ± 0.015

	
0.281 ± 0.012

	
0.899 ± 0.055

	
0.099 ± 0.005

	
0.723 ± 0.093

	
92.69 **




	

	
Sediment

	
0.644 ± 0.076

	
0.596 ± 0.048

	
0.155 ± 0.007

	
0.170 ± 0.016

	
0.026 ± 0.001

	
0.029 ± 0.000

	
69.80 **








When ** = p < 0.001, ns = not significant, the number of sea cucumber samples was shown as n = in the parentheses.
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